
~Ji'l7c"tI"t$ ~~)lljt~
7 Jf~;7-, r jffi'i'fIf47c"t:fll!~JfB4'f!J:flI!"tf4,*R:Ij:i;7c"tI"t$ Kugler Sandor

j) J~ ::z Y' 7 1 F' j)' '7 ;A.2::Itm$:5G* vz::.VI: 11*0)

S, Se, Te tA: 2::"0»)]1: T~~tr j) '7 ;A.:tJ\4&JJ!{(t~ 2::*­

Ii, Se, As2Se3, AS2S3 tA: C") vz::.xtL -C.:iZi#vt r?n *1,

[PJC VI:11*0) O2 ~~tr y 0 j) j)" '7 ;A. (Si02) 2::JJ¥li

n Q ~1I::4&Jj)' '7 ;A.2::0) F1"I9vz::.-tv'RiJ:i@c';:n -C\" Q,

~O) •• ~~m*~<, ~~~K~"j)~::Z¥7

1 F:f±*" 2:: "~1I::4&J:f±*" It[PJ Cj)"'7 ;A.*vz::.;6

VJ tA:iJ: r?, t§5ti'fJI:tJ\1t~vz::.;6"C)t~ 2::\" *- 1: '5, :f1I[Ef3

O)l} 2::"::)It j) /~::z ¥71 F' j)" '7;7-,O)/~:/ F'o¥ -v 'Y

7"iJ: 2.5 eV ~-tnVf 2::"Illi*-tA:\' 'C¥~{<$:(~§ii;t:1) 0)

lIfII.vz::.it> VJ, ~1I::4&Jj)' '7 ;A.0) -t nIt 3 eV ~Illi*- Q

~fl)j tdil~{<$: (')tii;jiE) -C';6 Q ~ 2::vz::.1: Q. JiJiI,

"~1I::4&J:f±*" vz::.B :$:5i30)*~tA::iJ-6PiJ:~ ~, y 0

j) j) '7 ;A.tA: 2::"0) ~1I::4&JiJ:;t 7' r = v;J r P =- ;J ;A.-?

c¥~{<$:0)5t!l!1vz::.*~tA:1 ://~;J r~lJ-*--C\"Ql).

j) /~ ::z¥ 71 r j)' '7 ;A.It IB < It -li' P 'Y ;J ;A.0).:iZi

-C'5;0r?n Q ~T'9C~O)ttfl-C';6 Q iJ:, JiI~, tA:t":

n~flJ)tJ L t~IlliI"b@<;Iltm{wif (NHK)2), l2S:~)tJ

x tv'RT' :/ !7 /~ 1 ~ - :/ -t: :/ T - (" :/ -'E-;J" '7 7 1

- 2::JJ¥linQ , ~Lj):/~!±\vz::..w<;1J~5i3~)3), 2::L

-Cm~ vz::.!±\-C I, , Q. ~ n r? It Se ~ )tJ I, , -C I, , Q .

-1], GeSbTe B-~tA: 2::"~ffl\"k, ~~j6d,<.{~:t:

"ilU§tA: DVD ttf-+ (/~ /~;A. :J'Cvz::.1: "C)-Cfij]F}f~1.m~

~~!1!(~{<$:)~Ji L -C, j)''7;A. 2::~E1sEl:tJ\1t~O)J!~~

flJ)tJ: j)''7;A. 2::~rElFI"I90):J'CBZMO»)¥\"~ 0,10)

~ -'E-1) vz::.i!:~~*-Q)4)tA:2::·'*~tJ::m~iJ:~IJfJL

-C\"Q. LiJ>L, ~nr?O)T/~1 ;A.~m$:"tQtt

iSJ·iJ:, j)/~::ZY'71 rj)"'7;7-,fi@l;-c';6Q~Ut;6

*1 :::. n iO, 0) 1/7 7. viJZIMl L t.::l1?i{$:tI\!L~b' iO, iW-1% L t.:: l' "/-=,"

~ J' tI\, ;Ii, 0 \, 'fiWMl\~ f::'J:: "'0 -CliJ!1lftl\ K,fFlj\~,l:'~ 0 .

;J:: VJ 5;0r?n -C I, ,tJ::\" 1: '5 vz::.,1i!tbnQ.

c';:-C, j)/~::ZY'71 rti'7;A.Vut/~:/r=¥'-v 'y

7"~IltO):J'C~Mvz::. 1: "C)-C/~ :/ r o¥ -v 'Y 7' 0) W(;Jr,

-t O)~*, :J'C~3&\~iJ:W(;Jr"t Q tf!f1ftJ:::m*iJ:;6

Q. ~O):m*~j)"'7;A.~~~Ilt~~O)~Ilt~~~

:f1I["tQ 2::5Gvz::.mQiiJ3JE::m*-C'it> VJ, :J'C;W;1I::(photo­

darkening) 2::JJ¥ Ii n 5), :m: I, , FI"I9:b n :b n ~ 1M)T

LWGvt -C \" Q H). :J'C;W;1l::lt)t;vz::.)zj!:«t~DVD 0)

1: '5 tJ::~rEl 2::if '7 ;A.:tJ\1t~2::O)t§oc1I::~{:'¥.:t-:,tA:\''0)

-C', 7 / ~;A. 7 - /~-C'O):J'C;W;11::U~:t:iJ:~:m -C'~

nli9), :mDVD 1: f)I"bWIlto):J'C~ -t 1)iJ:~:m-C

~-t '5 -C';6Q. :J'C;W;1l::vut:J'C)J;;5:&iJ:{:'¥."C)-Cll/,~c';:

n-C~VJ, ~~:f1I[K1:"C)-C~O»)J;;5:&~5GKm

QlO). -1], 7j(*11::7-'E-/~77;A./1) ::z:/11,12)2::

[PJ~Vz::.:J'C~~.x~(Bl£$: ~ *11f c';:n -C \" Q 7).

~1~Kj)~::z¥71rj)"'7;A.~ll/,~c';:nQ

:±~tJ:::J'C~~:IJi,* 0) "='fiJl*lfYi" ~~"t. (1):J'C

;W;11::2:::J'C{<$:fit oc 11::, (2):J'C;W;11::2:::J'C.x ~(Bl£ $: ,

(3) :J'C{<$:fltoc11::2:::J'C.x~(Bl£$: 2::O)t§E:I*I1*lt ;J:: t":

It"C) ~ VJ L-C I, ,tJ::\' ,13). :$:'l1%-C'ltj)/~::z Y'71 r

j)"'7;A.K~vtQ:J'C~~{<$:fltoc~O)JiJiIO)~.~

*14,15)-?5tTii;1J"f:HJfO)~*16)~mfl- L, (1)

O)l*IfYi-C';6 Q J'[;;W;11::2::0) [Sj*I*I1*~~illE L t~\".

~1~
J'£;~1L, J'£;1*fl~1L()W;iJ.&) , Jz~(B1:.pzl7):m1L~i*.

Vol. 42 No.5 2007 (313 ) 31



15

100 200 300 400 500
~r.9(see)

o
o

~3~
As,Se3 ~~(7)J'tWi\Mlli'fr~' 2::J'tg!U3l.{HilI:(7)~11::5tLlCi (7)

M~. ~.~~K, •• ~300KK~~~~.M*
~-;y;-t. ee-c-, LlClvitk(7)J:: 5~CIE~~hL\"~:
LlCI=(-l/d)In (T/To). df1~fl(7)IJ~, niff:~
(7)lli'fr~'~C~~~J'tJ!~$L' To fiJ'tWi\MllrI(7)J!~$(7)
:fJJ;ltJj{@:-c iJ0 ~ .

§2 ~~*5*0):m:~
2.1 J't1${l~7.&(PVC) CJ't~1t (PD) !J)

-t!J)~"~

.~t.~~~~W.KOO~~~~~, r.~
t \"')wflW:11::;/J;. ~~t~~, :J'6~J®~;/J;09X;};~

~ J: ') K::-W:11::2:-1t~Jt~:z'~~;/J;Elj((\"('2iS6 ').

L t::.;/J; ~ ---c, :J'6~11::t :J'6.~v;:::l!1!.~OO1*;/J;2iS~

t~;t, :J'6~1I::m*~ ":J'6.~W:11::" ~~f#r;"('rJSf

I-v"(,~t::.. t.:. 6;/J;, EE}]'T"('wfl.~~:tfjJ:Z.---C

{, :J'6~11::;/J;i@~ ~ .:. t ~6), -l-h G ~~7 -=- - Iv

~t:1~;/J;)t ') (:J'6~11::;/J;1l'§:z'---c {'W:M.5lf1~~) 17)

.:.U)'G, jjffj~f11L\"v;:::OO.i!l!V::>"':){,S'Ij~lli!:IEI~

1b ")t~;t Gh~ J: ') V;:::t,f ~ ---c ~t::.18). .:.hi"('
~~ < ~~~f1:±.v;:::/~ '/ j--" qo:- -t "/ 7°:J'6~M1&~W:

11::~jjJi\J«~.:. t V;:::}],S1,;/J;:j:Q;/J'h---c ~tc.. L;/J'L,

J't;w:M.5l t :J'6~11::~ IEI*OO~ ~~ffiffl--t ~ ~iJ,
jjffj~~ lIi~fFs9W:11::~Ji~~ ~ f'f ') ;/J;~ iLl" '.

PVC t PD ;/J; t" ~ J: ') t,f 'A Jr - /v "('i@ ~ ~ ~

;/J', ~,~~.f1l.!.ffiffl§t.~~-H!Hf11&lz!I:~ ~ .:. tv;::: L

---c, :/iiWv;:::.:.h G ~m*~3'::W~H\j3f1' Lt::.\, '.

:J'6.5l~-{7U~ As2Se3 fi~~~j]] ~ 2:W:11::t L
---CJi~ L td~~~~~. :J'6~M (Je = 532 nm, 86

mW / cm2)f1~3(1, r:p, ~J'1ji"(-rrbh ---c I" , ~. ~ 2:

W:11::~tltft11::Lt::. {, ~~ ~ 2 ~(a)V;:::, :J'6~MIIi'f

rs9t ~2:!J£11::~~{[l[~J1'IJ~ (b) V;:::~~19). ~ 2:15

rPJ~'A Jr-!v (nm)f17](-'f15rPJ (~~j]]) (mm)v;:::

)(;j L ---ciJt::*: L ---C:flliI,,' ---cI" ,~ .:. t f;:::ff~ : 7](-'f15rPJ

~~"/~-~K~:Z.~t, z~~2:1mm~~~
~-'E:-=-~-Lt::..:.tK~~.:J'6~gK{,~61-v~

;g.~~;/J;, ~(b)V;:::~--tJ: ') v;:::100tJ;< G\";/J'vt

---c ~ ~ < i) .~;/J;i@ ~, i2lfp{[l[V;:::~~~. :J'6~M

~1I:6D~t, \,,< G;/J'5Cv;:::m~;/J;If't(5:E.~;/J:~

~. ~ (c) v;:::f1Sd;:::X;J~ ~ ~ 2: ~!J£11::~:if,~ . .:.

~~iJ, :J'6.~~:J'6~Mr:p~~Ji~2:h~.

i:JzV;::: PD ~ ~1'i&~ ~~. ~ 3 ~ f1 J1'IJ[. As2Se3

~v;::::j:Qvt~:J'611&Jt£~~~W:11::5tLla t :J'6~Mlli'frs9

~OO~~~~20). :J'6lWJi@ftAr 1/ -;f - (541 nm),

:J'6~J®~ft He-Ne 1/ -;f - (635 nm)"(' f p - 7"

L---C:j:Qi), wct~~~K~5:E2:ht::.{,~~2iS

~. J;~r:p"(' 50 K(~tl}l) t 300 KOilU?I}l)~J'1jig

"(,mU5:E2: h ---c \" ~. {jfJ'1ji"('f1 PD ~::*:~ 2: ;/J:::*: ~

600 800 1000 1200 1400
~r.9(see)

200 400

)!UIJ'tfli<1I:

I

I::2 J'tmlM TI

(e) 6

5

~4j 3

.w 2

1i\!1
o

-1
-2

o

(a)

(b) 12
10

~ 8j 6

.w 4

1nE ~

-2
o 5x10' 10' 2x10' 2x10' 3x10' 3x10'

~r.9(see)

-2.0
(nro)

~2~

(a) Si ;§i;;fB()C*,l1ifL k As,Se3 ~~(7)*lID?i'1i ~ @~.

(b) J'tWi\M, Wi\MJ'tw ll:-.1&(7)?i'1i~ ~11::(7)Ili'fr~'~11::(@~

(7) JJt8 -C'-'E: -=- 3' - ) .

~~;§i;~K*,l1ifLk&M~(7)J'tWi\M, Wi\MJ'twll:-.

1&(7)?i'1i~~11::(7)lli'fr~'~11::.As,Se3 (7):l$jif2::J'-,fJ:f),
J'tWi\MWll:-.1&K~2::~~~(7)~~Km~.
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< t,J.0. ;!;t::., 1ffj;~J't0) ON, OFF VC:(JE '"C> -CLla

t :fW1JQ C ¥m;J;~**IJ~~iJ~, J'tJm;5iC l'U~vc5Co)

J't~I~UftlWO)i!\i~vcm02:. C v'it,J.~'(~*IEi!\i~).

2:.O)~*IE PD ViJlifFI3'C :ftvcjc ~ < t,J.0.

~,~*5*Vi{jzO) 2,\~UC~~~;h.0 : (i) pve c
ffi~:ftKJ't~M~O)«~Hi!\g" cJ't.~.O)

«~*IEi!\i~" ~ t ") 2:.c, (ii) PD fi 1j:£lfiji'C.J:

IJjc~<~0m.~~02:.C~~0(weO)~.

~;!;t-:1j:£lfiji'C'Wi'J:h;h.-C~,t,J.~'iJ~, tD..:ti? < PD

c l'U~vc 1j:£lfiji'C'jc ~ < t,J.0 2:.c ~T~ L -C~'0).

2:.2:.;!;'C', fliJ\vc pve c PD 0) ;/1 T ~ y !7;J..

Vi..:t;h.-ttlJ!I!.m'C'~ 0 J: ? vct,J.'"C> tc.iJ~, pve c
PD O)[l[~i¥J~*I*l1*vc§:&.'C'~-c~,t,J.~" [l[~

i¥J~*I*l1*~W5J~0tc.6bvcvi, PD c pve O)I'U

Bif..:tO)~rm~iJ~~* ~;h. 0.

2.2 pve c PD 0)1PJ1lif-t0)~il/,~

~ 4 ~HiJ:Jjc § i¥Jvcil? J: ? vcJm~ L td~Thi

'/ ;J..T A (J't-+-*) 0)~~~~~15,21,ZZ). 2:.2:.'C'vi

{;$:~OC1l::vi~j]]rili ~ O)oc1l::c L -ctiE*- 02:. c vC

L L 1J!UIEO)~*vi, 7" p ~ 7"J't (1EZffi:405 nrn

0) DPSS !/ - -tf - ) ~ l:: - A ;J.. f 1) y !l - vC J: IJ

"f:5tvi~~ ~ "7 -vcJ: IJBZML, ~ IJ"f:5tfi-lT:/

f~~j]]K[l[~L, BZMJ't~~-1o..;J..f1)y!l­

~~Umhil:h~-C~5~~2:.L, ;J..!71)-:/K

~5~~ ") < 0. 2:. ;h.~ eeD :h /. "71-erm~~
0&m'/7~~5~c~~;h.0to)~~0.

~4~
J't1*1Jffi:fUpvc) !::: J't~f~ (PD) C7)1Pl1lif-t- C7):li!)jlm~C7)

k~C7)J't~*~~~~;J..T1o..~~~,

15, J't~~~O)OC1l::vi~~J't1EZffi:~/~:/ r =\" l' .y

7".ilifi¥ 'C.'C'~ 0 t-: It FA < rm~~ 0 tc.6b(.ili$5'i-,

f p - fJ'tvi/' P 7':/"7 :/ 7"~:i*fflL, !::::' - 1o..;J..

7" 1) y !l-~Jj L, @)tIT*IFf~~-C, eeD:h /.
"7 2 'C'tE*- -C~'0. {;$:{loc1l::c ~1l::~~~~ 01ffj;

~J't~ vi AsZSe3-? Se :h' "7 ;J..i!\~@i; (7 CC I"' 7 7

;J.. ~@i;) 0) /~ :/ r =\" l' y 7" vc.ili ~'635 nrn (1.95

eV) O)"f:~{;$: !/ - -tf ~ ~ ffl ~,tc.. eeD 1,2 iJ' i?

o)~.~-!l~~:/~~-!lK~IJ~;!;;h., 45t

0) 1 fJr4ij0){;$:~oc1l::c J't~~~ (550 nrn iJ' i? 850

nrn O)f1!IttI)O)rm~~P)'ijgfc Ltc..

pve {JlUlE""O)~Jm;5i, PD{J!UIE""O)~(lfiji~J::

H) 0)J]!;1'I~nlli:tJJ!!!Eltt,J.lt ;h.vit,J.i? t,J.~'. P)':tlt.ili

$5'i-~J!~'C'O)J't~~~;O~rili <, iJ''')~1.L:~~O)jc

~~'-lT7 71 7~:t&"~ffl~'0 2:.c vC Ltc.. Jj';to)
~.~14=T'C'vilfiji~J::Hfi 2°e < i? ~"vc;JrIJ*-i?;h.

-CtD VjZl,Z2),lfiji~J::HO)J]!;1'Ivi2:. 2:.'C'vi~*-t,J. <

-Ct J: <, VH~*lll;r'l'VcJ't{;$:~Jm;5ic~ *- -Cn,.
:h I"' ~ if'T 1 r:h·"7;J.. ;O~J'ttmI 'C'~ 0 2:.c (J'tlTrE

tbt!)..:t L -C1j:£lfijiVtL·J'tlTrEtbftiJ~rili;!;0 c ~, ? Jij

*~0¥a~23)t~0 2:.c~2:. 2:.vcf:iHtm*- -CtD~

tc. ~'.

AszSesri@i;vctDlt 0 J't~~rili ~oc1l:: Llh c J'tl!&

~~~LlaO)I'UBif..:tO)~rm~O)~~i¥J~*~~

5 ~ VC~~15,2Z). 2:.2:.'C', Lla vi/~ :/ F' =\". l' y 7"

(1.8 eV) J: Vjjc ~ ~, 2.10 eV O).:c.* I"'=\'" ~ 'C'cc:=,

!l- L-C~'0. J't~M.300, 1500fJr.O)cc:=.!l­

i'i'lJ~~{~t~~. Llh C Lla 0) BifFI3,oc1l::vi..:t;h.-t

;h.{jzO)j)t;5i:tl'i~I*l~'C'~m'C'~ 0 :

2:.2:."'C', A vi1ftil;¥01&LT vi~5<iJBZ);t;BifFl3tfJ vi5t

llX/~"7 /. ~!l c J: vi;h. 1 J: IJ IJ' ~ td![~ c 0. t,
.J: ? co' 1 0) c ~ iJ~:tl'i~I*l~'C'~ 0. Llh vc)<tL-C

vi fJ iJ~H.V£ 1 'C' T= 280 s 'C'~ 0. Lla vcxt L -c,

fJ = 0.71 'C.T = 420 s 'C'~ 0. ~ ;h.viJ'tJm;5i;O~BifFI3'

c :ftvC:tl'i~I*l~i¥Jvc, ..:tL -CJ't~1l::;O~j)t;5i:tl'i~1*l

~i¥Jvcoc1l::~ 0 ~ c ~~ L -C~'0. ~ i? vc, J'tJm;

5i;O~viv<fL1:.;!; '"C> -C t (1ftil;¥O)J't~1l::;O~;!;t-:~Iu 'C'~'

o ~ c ~~*L -C~'0. ~ O)~.*5*vi pve c
PD O)Fs'vc-M-O)[l[~i¥Jml*l;O~~~' ~ c ~~~
L-C~'0.
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2.21 eV 2.10 eV 2.00 eV 1.85 eV

1500

370

0.89

380

0.86

420

0.71

500

~5~ .
As2Se3 f-i1l1,l:(7) J'til*il]~ ~ ~1t Llh c J'tPk
J!JZ.1*Wl LlCi(7)Bi'fM~1t. lWJiESJ't(635 nrn)
(7)~!lni 100rnW/crn'. LlCifi/~:/ rot'
"t' 'Y 7'(1.78eV)J: ~jc~\"2.10eV(7)
=*~ot'-~~=-~-Lk. J't~Ma
300, 1500fiya(7)*,1ID~ ~ jjIjj~ t 7J':-f.

a

T (s) I 480fJ 0.55

3000

.,j 2000
~

"'1

~6~
/~:/ r 4""t' 'Y 7'Jlif:'/i(7)7 oj- r :/ = *JV4" - (~=- ~ ­
J't) V:::.X;J-f:O LlCi(7)Bi'fr,,'~1t. J:-.ip G, 2.21 eV, 2.10
eV, 2.00 eV, 1.85 eV "(';10:0.

14

12

10

'I"'~8 ]
6 ""

"'1

4

~ 6 ~ v:::.vj>~ '/ r o¥ --v y 7" Jlf:{9ji -C' 0) \" < s> iJ,

0) 7 T r '/ = -* )v =¥' - -C' Lla 0) rJi'j%9VCX;J'tQ r££1t

~~'t (Jt~O)t-:6i:J, lWJzto) 2.10 eV VCX;J'tQ y'

-~~%~~~). 't~~O)=-*~o¥-~~~m
~I*l~vc:&: '). ~ 1 ~ vc;i:\; (1) C ~~y' - ~ 0) 7

"yT" '/~'iJ'G~GnQ/~7;<-~, rcfJ~

~ c6i:J~;1)Q. /~ '/ F'o¥ --vy 7",1 97c2:tJ:r'"U\"J'C

~~~~'t7Tr'/=-*~o¥-~~~~N~~M
~7c2:<, LlaO)M~~~7c2:<~Q.

J't!!Ut
~ 2000
.,j 1500

~ 1000

2500

§3 7t-T1b:1J~1*vc J: ~ JIt~Jt91*tJ
~1tO)T~U

3.1 5t~tb:1J~l*O)tf&

H~t.5*~~'tlWvc5t+iiJ)]~7*O)M:B1~W~. s>\"

~~11' L..~::j:02:t-:\,'. N*1+*"0) =- ~ - r '/0))1

iiJ::1Jf§[;i:\;(N 5C.il1'z: ~5t ::1Jf§[;i:\;)~ J;f *- Gntd§1L
fFffl$T'/S/--v)vO)~c-c', 7xA rt1;;qr_)v
O)m\"~FI"I9FI"I9~-c')Jj(+{~j!:tJ: c'~;':l;:6i:J~\" <::1J{!

~5t+iiJ)]~ (Molecular Dynamics; MD) {! C P¥

Iv -C' \" Q 24). f1t5t vi. Verlet 7 )v =,' I) ;( A 25) iJ~Ji

~ ~ < ffl\" Gn, ~FI"I9'::'c 0))Jj(+{~j!:~{jz0),l ')

vc;':l;:6i:JQ :

r(t+dt) =2r(t) -r(t-dt) +r" (t) (dt)2

+O[(dt)4]. (2)

~~~m1L~ffl$T'/S/--v~~EO),l,)K;':l;:6i:JQ

iJ'iJ~F,,9Jl!1!C tJ: Q. ~~vcir ') ,1 ') td!~I¥J$T '/

S/ --v)viJ" ;1)Q Hi.Il:+~1¥J $ T '/ S/ --v)v iJ~.JR:tR

2:nQ.

W 1'l m I*l~:£I ~ (Density Functional Theory;

DFT) ~ ffl\, ,t-:~+tk:Jt~O)~t~iJ~ MD O)~~U'::' c

VC -c'2: nvx)(f$ir-c';1) Q. £JlEtk:~jiJ' G jj[f[gvC)Jj(

+FI"I9$T '/ S/ --V )V~~t~'t Q::1J7*iJ~$1ijl~!±l2:n,

DFT ~ MD vc*Jl~j.6 ts ~ c VCnx:J;V L..t-:~-)Jj(:£I

(;1)Q Hi ab initio) MD c P¥vxn Q ::1J{!iJ~;1)9,

t!i:© c~ +tk:Jt~0) '1J!f¥a ~ IPJ ~ vC =F VCAn Q ~ c iJ~

-C' 2: Q ,1 ') vc1J: "J t-:26). ~t~)f1'lO)jlJU~JliJ' G (~t~

1£O)ijg)]vc,l Q iJ~) ~ tC:100-20000f§[1'l0))Jj(+?$!: L..

iJ,~*-tJ:\", ~-)Jj(:£IMD O)iIffi.-c;1)QiJ~, ~ "J

c~Il:O))Jj(+(c~~"J~~~~~~M~~;1)Q

iJ~)~~*-Q iJ$t.5ir (tight-binding) -'f:- y')V ~*Jl~

irb~td!Rt.5ir MD (TBMD) iJ~~~ 2:n, t.5"B"

34 (316 )



(a)

nJ.t~~J3'tsitJ:1J"f:~12k 5 C c t PJ§'g c tt. 1), 7-t-

/v 7 7 7. 71 - ,-G :/27), 7 -t- /v 7 7 7. '/ ~ :1 :/28,29),

7:7 - 1/ :/30)tt. C"I7)~J'i!i7ilf'JE1C:j:ltlz:"'CJ-n, 0, ~

J'i!i7ilf'JEvcviTBMD J$;17)'?il'mi¥JfIffi{OO:;6:::*::~I,'.,

3.2 ~~~i1 MD(TBMD)i$;vCJ: 0

:Jrc ~1f.9.~'8£if:: (J):EI~-Tmu

TBMD~~"'CJkbnbnI7)IT~~*~~~~0

§tr1C, AS2S3 71':7 7.17)J\:;~il:9m~I7)il:9~~fii~ L

t~Jjl!!,*~ 0J!!!.~gt~~*vC~!Rn -c to C 5 : AS2S3

71":7 7.17)JifJFJf~J'i!i~m~ L t~AsS3 :=1- =- "/ r;6' G

tt.0 !7 :7 7. !J - (10 M~BtI7))]1: 'f~) 2::-m 1"tdt
'ftIL;@:gt~(=*/v4'~l7)gt~)-C'Sl,S2), CI7)!7:7

7.!J -vciff}]il:9~'f 1 M;6::jffl)l~n0 c!7:7 7.!J­

~17) As-S ~ill7)-":>;6:1;1Jit'T~n 2 j!jCDLI7)As c 1

~DLI7)S~J'i!i~Wm~0. ~K, ~'f~-M~

:5]-vct "'CJt~C 17)!7 :7 7. !J - ;6:IEiL c {I}~il (IEiL

17):jffl)l)~0c~K, wil:9§trI7)~I7)~J'i!iKmGf

5 j!jC{ft.17)As ~J3'ts As-As ~il;6: wm ~ 0 *2. As­

As ~ill7) Wmvi:7 -0< :/llX'i'iLI7)'?il'~~*33) C t il

3&~ 0. As-As (a*) ~ilvi As-S (a*) ~ilvclt~

-C{.[1;;=*jv'f'-VC~017)-C'(/~:/ f'f'-t' ,,/7";6:/J'

~ < tt. 0 17)c ~fIffi), J\:;~{I::I7))]1:lZ§vctt.0 c 17)±

5i-C'~0 .
PD Jf' PVC vi~tffiiftJ1I-C'vtJI~,WI7)Se J: 1) AszSes

Jf' As2SS il~-c'::*:: ~ tt.m-:{I::~:iF~ C c ;6:5;0Gn -C

1,'06). Lt~;6:"'CJ-C, Cni-C'D"'CJ-C~k'?il'~17)

VI c Iv c";6: C n G 17)il~tt;js!- ~ m 1" -C1" 0 .

TBMD gt~ t, L k;6: "'CJ-C, C n G 17)il~tt*4

-C'DxJiJ.iZ Hj:, ;f§]H'Fm >t' 7:/ '/ -v Iv~~6b 0
17);6:~£ -c'tt. 1,'. ;c nvg,.:Z., ljt*lJ:iti:~J'i!i~ c 0-C'

~;:, 5 Se ~ J\:;iff}] il:9L t~c ~ vC{iiJ;6:il:9~ 0 ;6,~

TBMD J$;-C'Wi'iJ~0C c VCL t~16). L t~;6:"'CJ -C,

§trW(§2)-C'~~Lt~'?il'~~*(±c L-C As2Ses)

C 17)l:1::iY:;6:+:5]--C'~ti:I,'C c ~it'T"'CJ-Cto~kl,'.

~ -c, J\:;wil:9 c vi HOMO (Highest Occupied

Molecular Orbital) 17)~ 'f ~ LUM 0 (Lowest Unoc­

cupied Molecular Orbital) vctm.:Z. 0 C c -C'~ 0.

C 17):/JJ$;vi:/1Hmc 8 ~ffi1 ;t rJ (S) -C'DFTJ!!!.BilB

*2 As,S, 7i '7 7. ,(H, :Jt;jiJjJ~l\1)f:t-t'''-';:l:As-S i7)~1lI!*5iliJ'
GtJ:Q !::=J5:t l:c'Q,

~~"'CJ -Cgt~ ~ n -Cto 1) 34), 8 ~ffi;6:IJfJ~~ 0 C

c;6::iF~nt~. J.iZ<5;OGn0J: 5vc, S~Sel7)

HOMO tIL;@:viI1Rlz:~'fx;J';6,GMnJ.t~ n -Cto 1) ,

HOMO tIL;@:vi "~iltIL;@:" -C'vi tt.1,'. LUMO

tIL;@:viR ~ il tIL;@:ti: 17)-C, C 17)tIL;@:/'-."17)~ 'f 17)

;iJiL1J~vi~ill7)/F'R5Ett~:ijff L~ill7)1;1Jit'T~ t t~
G ~ C c ;6:b;6'0. bnbnvi TBMD J$;-C't Se

8~ffi~Se~~J\:;Wil:9-CIJfJ~~0CC~.~L

t~16,35). 180017)Se)]1:'f;6'Gti:0 Sd]I7)-{7U(300

K) ~ ~ 7 ~ vc:iF~. (a) vi J\:;W il:9§tr, (b) vi

HOMO ~'fiff}]il:9f&-C'~0.

(J(vc t "'CJc::*::~ti: Se )]1:'f~~ JfO 12k5. 162M

17)Se ~ 12.78 A X 2.96 A X 6.69 A (xy z) 17)lz::/JW

(-t: IV) vCAn 0, I,'bvg, 0 "cook and quench"

J$;-C'Se ~J'i!i~m.lt.lz:-C 0 ;6:, xyz :/JrPJ-C')WJ:Mi¥J

mJF.~ld'j:~1rfilit~~ J: 5 ~ 0. C C -C'ATOMDEP

c~~:1-f~.mLk. CI7):1:/~~-!J:1­

f~7-t-~777.71-,-G:/~~'/~:1:/~I7)~J'i!i

~f'F 1) W~ 17)vci:ltlz:"'CJ-C1" 0. Se rs~17);f§1L1''Fm

vi Molina G 37)vCJ: "'CJ-CIJfJ5£ ~ n t~TB -t-7" Iv -C'

~ 0. §trjffi17)Verlet 7 Iv :1"~ .7-'A ~ m I," 2 fs rs~

~-C' Se )]1:'fI7)~itJ~J€! 5 C c VCLk.

_WI7)300MD7.7,,/~~'/7.7Al7)tffiiBt~

500 K vc1*":>. C nvim~;[:f\i~-c' Se DLiii~:7 :/

!J"AVC~0 13i¥J-C'~0. ®E< 2200MD 7.7 "/ 7"

-C'tffiiBt~ 700 K;6' G 250 K vcTVf!~H&;j:§vc t "'CJ

-C1" <. _*<ttffiiBtvi 20 K 1CL, 500 MD 7. 7 "/

7"(1 ps) 17)rs~)]1:'f~~:f0 ~ {t 0. C C -C'J\:;wil:9;6:

5 I ~il:9 C ~wflm-:{I::~ -t- =- !J -~ 0 k6bvc, z:/J

rPJ~ E! EBVC~ 0 ~,~;6:~ 0 ()WJ:Mi¥JmJF.~{4=~1rfili

t~~17) vi xy 17)2 :/JrPJt~vtc ti: 0). ;c nvg,.:Z., {I}

If 20 K VC-C 40000 MD 7. 7 "/ ~ (80 ps) I7)rst *

~7~
(a) TBMD ;$;i::' 1: '" -c 1''F I) I±\ ~ nt~ 181181(]) Se /J' G tJ:.

~~JHj\f~(J't!W\Mll1:J).
(b) J'tlWiR9 (HOMO i!iILJi[/J' G ~+ 11181"i' LUMO i!iILJi[

i::.f$-t')1tt(]) Se ~J't1\l\'~. Se ~J't(])toltJT/J;:!t C ~.
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z

y

~ 8 ~ TBMD i$;~cJ: --:> -Cf"f V) ill ~nt::.162MO) Se

tJ, Gti: '07 -t- Iv 7 7 :z;jj\\':© (J'tJlii\Mlltr).

25

20

~ 15
(I::;

~
ilii( 10

o
2.0

~9~
TBMD i$;-cf'F Gn k Se O)!lWt£5t;(P~~ (~ 8 IZ!~d(;j
rc.;-t 0). ~*9'FU 20 K, liBLtmta300 K ~c)(;j-t 0 '{,0).

-0.1 J 0-0 0 0-1 1 1-2 2 2-3 3 L -0.05

~10~

LUMOK.~lM~~~kt~O), ~~M~£O)~
it c LUMO .~0)J5]1'E1iE. j1'f37,1Z!0)0-0 F,,'O)li8l,jj,'jUt
M~W~~~-t .•• O)oa~~K~0&~~&~
('W~~) -c' 0-0 ~t-'Cn G 'W~~~ "':)vtt::.~ ~F,,'0)
LUMO~~b-t .

t§]upm~.:..:.-C'v'i~;ZJ£~'), TBMD §t~~;c

h.:f h, (i) LUMO Vc::.#;5tVc::.1It"f~ 1 MllQ *- '0,

(ij) HOMO tJ'G1It"f~.!& 9$:'0 (IEJL~llQ*-'0),

<7)~.s-vc::.5tvt--crr?.:. tiJ:-C'{!l-'0.

( i) <7)~.s-iJ' G *5* ~ J!--Cd,c J: ? *8.s-<7)1;1]1tFf

tJ::Mff2'ht~J:? vc::.~{!l-'0. LUM01lt"f<7)!iVtE

ttt*8.s-~<7)OC11::~WilJ.r('0 t, ~1O~ <7)J:? vc::.

t£ '0. ~ 9 "J~ Lk~;7' '77 tJ: LUMO 1It"f<7)f

:It]!iVtEtt (%), Sta: {!l-<7)~iJ:f:lt]<7)*8.s-~<7)~11::

(A) -C.~ '0 ( + tJ::!:l!fIllQ,- iJ:1J9X:P). ~!/!IlJO) 0, 1,2,

3 v'iWA~Vc::.~-r- J: ? t£1*"f{:sLi!:~~,~Vc::. t ":)t~

:/&JlIl*, {j.::JlI~<7) Se ~~-r-. 0-0, ~ '0 \, 'v'i 0-1

~~~;ChG<7)Wll~~"JvtkSe1*"f~<7)*8.s­

~~v-r-. WA~<7)~~K~-r-J:'5K, 2§C{:sLt

3§C{:sL<7)Se~*5~~1'f*8.s-~1;1]ItFf2'h(':'':'~~

,~Vc::.t --:>--C~'0), 1 !liG{1i:t ae{:sL0)*8.s-vc::.~11::

-r- '0 (Se2 + Se3 -+ Se1 + Se2)' ~ Vc::.~-r- J: '5 Vc::.,

~~;f!J2'-1±'0':' t ~c::.Lt~ . .:. <7)d: '5 t£f\\!i:;©~30M

m~Lt~.
-C.{!l-l:iJ: --:>t~ Se f\\!i:;©<7)-17U~ ~ 8 ~ vc::.~-r-.

~,< GiJ,<7)~ /;7(J:~O~, 3!1ie{:sL<7)Sd:~'0(~Jl

iJ:iX5tiJ'h). Se v'i£;$:iJ: 2 !lie{1i:-C~ '0 iJ:, ~*&

.@s '*' -C. 1 !lie{1i:<7)Se U~liIffi) <7)ftf!. vc::.RI111:x111t"f t '{ff;

{!l-;i2, Iv -C.3 !lie{:sL Se iJ: tH:ffl.-r- '0 t <7)U!;U') h '0 .

.:. h G <7)!lie{:sLv'i~<7):t§M= :t-/J..-o¥ - ~ t "J, ~ 'v
~ '0 frffi1lt"f~~x1 (valence alternation pair; V AP)

-C'~ '0 iJ' t·'? iJ'vH::>iJ' G t£~,12,13).

2 §C{1i:iJ'G 7l-h '0 %Ji~<7) t <7)~!lie{1i:Jc~@t lPJL~

.:. t vc::.-r-hvi, .:.h G v'i 3-12%if:tE L (WOC-C'v'i

*9 1020 cm -3), ~~<7) 7" -r Iv 7 7 7-. Se -c'tm~2'

h --c~''0 Jc~WOC (1016-1017 cm -3) J: 9 v'i '0 iJ, vc::.

37~' . .:.hv'i TBMD §t~vc::.m~,t~-l:lviJ:/J'2'~'

t~6b "~TIU" <7) Jjf;.iJ::*: {!l- ~ < t vc::. J: '0 t~0 ? .

Woc v'i 20 K -C' 3.95-4.19 g / cm3 ~ '0 (~~u{[!,H'i

4.29 g/cm3). ~ 9 ~ vc::.TBMD §t~-C·tltki'lricE

5t;fJJM~ (radial distribution function; RDF) ~~

-r-. ~~v'i 20 K -C, 7iEllJ,1JH'i300 K -C' quench L t~

f\\!i:;©vc::.x1rc:;-r-'0. 2.4 A <7):/&W<7) \:::"-!7 v'i Se-Se

<7)~ 1'f *5.s- :l~Xx1 rc:;-r- '0 . .:. h v'i *5 J'fl Se <7):/&JlI

~*5.s-Nelfl-c'~ '0 2.37 A vc::.JlI~'. 3.6 A Vc::.~'0 2

11§ <7)1::" - n'i /PJ - sdJl ~ <7)2 11§ Vc::.JlI~ 'Nelfl

vc::.x1 rc:;-r- '0. 3.3 A <7)IJ' 2' t£ 1::" - !7 v'i Se ~JlFs9<7)

:/&JlI~Nelfl-C'~ 0 ? . r'i<JIffi\. quench (300 K) -r- '0 Se

-C'v'i .:.h G <7)1::" - !7{1i:i!:iJ:vf(;t --C~ ' '0 (:lJtiJ: '0) .

J'tmj;~<7)~VIiltJ:J: ? -'f' < J!I!f--:>t~. 1It"ftIEJLiJ:

J'tmj;~<7)j!1[1&Vc::.7 '" .L. r ;ftY<7)SifFs97-.I;- -/J..--C·~Fs9

~K+5tlflh--C<hh~(1It"ftIER<7)!7-P/

0.5

:5 0.4
-'.l

~ 0.3
Q
II¢( 0.2
4n
~ 0.1

o

0.25

~
0.2 .2.-

'Ii:!

0.15 W
~

0.1 Q
o

0.05 ~
o ..-l
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~11~
LUMOK.~~lm~~k.~~M~~t~~~~
~~~. ~~.~~~~~~~~~ONtOff~~
;h;e' ;h7f;--t .

3.3 8mi¥JtJ::J't-(:t1l~1t c. TBMD §t~
c.I7)Mffi

~~Ktm~2:horn~pvc~§mi¥J~~­

~~~mlPJm.~tlS6'5. ~~K5MO)mT, 5

MO)IER~2::.o)¥K#~L-C~k.Se.F9~O)*5

o (~17% O)~1JQ). 2::.0) 2::.c vCJ: o*5il= -t IL--=¥

- 0) Vi!Z-Pf10.24 eV C ~fl <bGhtc:. x.~~~~

6b0 c (LUMO mT~.l& f)*0 c )5CO);[1i:!~vc~

o 2::.ciJ~niJ·o. ,\~J9'R-C'~~o)f1--t/L--0)::k:~2:0)

oc11::.,'"')-£ f))J~.:1Jr<uO)oc11::.-C'tlSo.)J~O)W-fiffi

f1 z.:1Jr<uo)--t/L--O)::k:~ 2: -C'f1tt. <, j!{:l:9="L,'-C'W

-fiffi~o O)-C', --t/L--O)::k:~2: J: f) 5 A~oc/J'2: < tt.

O. :5<':/ 1::':/ ;7'~iJJ~** f)]g L 10 ps O)FCl9-C'25,22

A iJ. G 25.35 A -£ -C'~1JQ~ O. 2::.hf1x.JJ%5.&-C'tIS

o. ~1JQ~f10.5%~oc-C'*5il*O)oc11::.~ J: f)f1

o iJ·vuJ' 2: ~'.

?Jzvc, 2::.O);YdcIE:rL~ 1 M1JQ.:Z. 0 (HOMO iJ·

GmT~.l& f)*0) (ii) O)~ilO)-jJu~ ~12~ vC

~~. 2::.O)~il, SdjFCl9(lW~O)sdjF9O)oc11::.

-C'f1tn < c VCfr;@':! )O)f:\tJ* 3.4 A iJ~3.25 A

c w. < tt."'CJ -C ~'O (;\\9 4% 0)Vi!Z-P). )J~ <b 25.5 A

#;JIiJ· G;\\90.2%~-P~ 0 (x.,[f)[R@). 2::.h G f1

HOMO iJ~fiDtEL -C~'o Se 1*T;JIf8-C''r%VC~ ~

O. HOMO f11 jjj~{:s'z: Se O)Fft-C'fiDtEt1iJ~5El~'0)

-C', 1 jjj~{:s'z:c 2 jjj~{:s'z:Se 0) FCl9-c' sdjFCl9*5 il (Sel,O

+ Se2,0 -+ Sel, 1 + Se2,1) iJ~~ ~ -C~'o 0) iJ~TBMD

HJf-C'~ 2: hk. tde. L, 2::.O)ijFCl9*5ilf1 (i)-c'

~~tc:%~ 3 jjjWz: Se -C'f1tt. <, 7 P - T -f :/;7'
*5ilO)J: '5 tdf'r%vc~~~'*5il-C'tlSo. *5il=-t/L-­

=¥' - f12::.hvc#"'CJ -C 0.042 eV ~1JQ~ O.

2::. 0) J: '5 vc, JJ%5.&c ,[f)[R@iJ~IPJIJi!fVC~ ~ 0 0) -C',

2::. O)~ L§I ~ iJ~~~vctm~ 2:h 0 2::.c vCtt. O. 2::.

2::.-C'f1;c h G O)~ L§! ~ iJ~0.3%-C'tISf), ~~-C'

¥IH~'2:h -C\" 0 {oo: (0.5%) 19) vc;JI~'. -.:1J, x.~

~KJ:o*5ilO)-l;JJltficW~~~x.~~~~KM

JI~oti1ot1oc11::.0)~1:!Jj-C~~2:h -c~,tc:iJ~7), ~

~, Se vCto vt 0 {l&ml.-c'0) EXAFS 0) ~~*5 ::~Ut.

co' iJ. G 2 jjj~ {lL Se iJ~X. ~ ~ vCJ: "'CJ-CfiDffl i¥JvC3

~{lL 0) Se vc~ 0 2::.c iJ~~ 2:h -C ~, 00) -C'38),

TBMD gtJff1 PD ~ PVD c*VCx.~~~~O)JiJt

9'evc<b 1'f m c ,'is',nh o.

25.7

25.5

25.63.4

3.2

3.6

30 ~ ~

§2.8 25 4 ~
1li1( " .', 1W:I: :\ ,". M
<in 2.6 '. I, I \ /;'ro..."..N'

~ .'\ ! ",j V" ". , 25.3
• 2.4 ' .. ! \,1 0; \'.J\ /' 0

2.2 .' \;"""" r \; 25 2
2 0 'I 5 10 15 20'

o Ili'fF.9 (ps)

~12~
HOMO il'G~~ 1{[I'ij~l& v)*.Q.~~M~~t~~~
~F,,'~1t. ~F,,'.~~~~P'i~~~~ ON t OFF ~~
;h;e';h7f;--t. M~~~c~.~&.~~~.~~.Q.

Se2-Se3 (1f1t% 0) 0) LUMO 0) fiDtEt1iJ~~ <b5El

~'. 2::.tH12::. 0) J: '5 tt.~Ffto) LUMO vC1It=fiJ~1JQ

no 2::.c vCJ: .f)*5il*iJ~ 0.5 A ~v:, *5ilO)-l;JJ1tfi

vc3":o 2::.c ~;@':* L -c ~'o. 5JUO)§~-c'~ ':Ui,
&*5iltILJil-c'tIS 0 LUMO iJ~mT~~vt.l&;hAi;c

O)*5iliJ~~~ < tt. 0 c ~. '5 2::.c -c'tIS0 (9'ejJii¥Jvc-l;JJ

Itfi). fr;@':~<~~~oc, *5il-l;JJItfi~Lk~O)

*5il(o-1)fH~ < tt. f), 2: GVC?Jz0)~(1-2)iJ~* <

tt.o)~ll!:,Ej~** f)]g L, {#;/z vc;cO)oc1I::.iJ~tt.< tt. 0
2::.ciJ~hiJ·o. 2::.hf1fiDtEt10)5El~'*5ilO)~O)fiD

tEt1iJ~~~ < tt. 0 c ~, '5 2::.c -etlS o.

~11~ f1 0-0 *5il* C)J~0)IJi!fFCl9OC11::.0)-jJu

~~~. ~~o)ONcOITO)~~~~~~~L

-c tISo. ~~lW 0) 5 ps -c'*5 il* f12.55 A -C'tIS

o. 2::.h f1 Se2-Se3 FCl90) *5il 0) tc:6b IE;I;J1.Se2-Se2

0)*2:0) 2.4A J: f)*~'. ;chl1>:c.. 2::.0)*5ilf1

<b c <b cft!!.O)$:5tvcJ:tttVC~~~'*5il-c'tlSo. X.

~~vc J: "'CJ-C, 2::.0)*5ilf12: G vC3 A -£ -c'* < tt.
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400

(a)

(b)

,
1'\

~~~'

/ V r,

300200

lli\'r"~ (see)

100o

o

] r/!

~13~
Se v::.t;\, ,-ctm~ 2: ,ht-:~~j\j!;* C8mJR) t -t- Y'}VHJJ
(~*9'FJ.

tJ~~0~ftj:11::'C'(1)5O\;v;:::i5:\" t (7)c ,1jSl,bh0.

Se v;:::}o\,,-c 300 K (7)lffi!..!i!t'C·fi~5.&tJ:Jft~i!'f/tIT

~ 0 c 7CV;::m0 (J't~11:: t [I'I]~) tJ:, 100 K #:i5:(7)

fj£lffi!.'C'fiJ't~1UiJ't~-Im "C> -c t 7CV;::m i? fA: \" (~

'RJE). ;: htJ:1Jt*tJ, i? "J't~11::" c II¥fih -c ~

t~~'ft::JESt:5t'C', if ~ ~~~:i5:f5i1(7) 7 .=. - !H;:: l
"C> -c 7Cv;::m 0. 20 K v;:::}o~ 0 J't~5.&~§tJf L t~
TIMD§tJf~~l7J}]~~~~0c7C(7)~gKm0

(7)'C', ;:(7),~f:U:t~~B~~~0. -7], As2Se3

fA:c" 'C'fi~lffi!.:i5:f5i1'C'~ *- J'ti!'f/tITfi!tv;::tJ, fA: I) (7)J't~

1I::St:5ttJ~~ "C> -c \" 06,7,20). TBMD §tJf fi A, (7)c

;:6 2 7C~(7) As2Se3 fA: C''C'IT 5 (7)tJ:I2§~'C'~ 0

tJ:, Se tJ:J'ti!'f/tITfi!tV;::7CV;::mI) ($131E1 (b)), 2 7C

~'C'fimi?fA:\,,;Elt!Ef3tJ~ "m/PJm*" (7)~*l~ c~

f*~ 0 t (7)c ,1jSl,bh0.

E-Im/tITc sdJlFCl'l(7)*5E1'.Stli 1 OO(7)~T GEJL)

(7)~EC [I'I]~F::.~~ 0tJ:, 5 OO(7)~Tl7J}]~(7)~E,

*5E-Im/tIT~S~~1~~~~~<~m(7)S~~1

~~t~~0. [I'I]~K,~Rl7J}]~(7)~E, *5E1'.

StliC1 c C2 (7)fflt~~'C'fA: <, C2 C C2 (7)FCl'l'C'

t ~ ~ 0. L tc.tJ: "C> -C, J't~5.&lil7J}]~~ 0 ~T

~, J'tJj)(*jjHiIEJL~v;::J:[;17U~ 0 c {RJE L -c t ~ \"

tJ,t5;QhfA:\". ~5.&~ d+, Jj)(*&~ d_ C L, l7J}]~

~ 0 ~ T, ~JL~ ~ -t:' h "f h, neo nh C~ < c,
;: h i? li-t:' h"fh d+ = /3+neo d_ = /3-nh 'C'Jj- *- i?

h0. ;:;:'C', /3+(/3-)li~T(~JL)l7J}]~v;::X;J~
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11:: LI (t) li{j(5O\;'C'Jj-*- i?h0.

LI (t) = (/3+ -/3-)n(t) =/3/Jn(t), (3)

;:;: 'C', ne(t) =nh(t) =n(t) C L, /3/J liX;J*c fA:

0~~~¥~1rff~~Kl"C>-c~~0~~JE~

C~*-0.
Jfti'- i' I) 7 (7)llifFCl'l;££11::Ii{j(5O\;'C'Jj-*-i?h0 :

dn,(t)--= G-Rne(t)nh(t), (4)
dt

;: ;: 'C', G liljif:sLllifFCl'l~t~ I) (7)7 ;t ~ :/~, R Ii

J'tl7J}]~~htc.~Tc~R(7)W*5EJE~~~0.

LI (t) Ii neCt) = nh(t) = n (t) , C = G/3/J, R = R / /3/J ~

ffl\, ,-c~~&!~ c,
dLl(t) - -
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'C'Jj-*- i? h 0. ;: (7);JF*,Jl%1*Z:5t7]~5O\;(7)mli{j(5O\;

c fA: 0.

LI (t) = ~tanh (fGR t). (6)

J't~i!'f/tIT~ 0 c (5)5O\;(7)::ti3Zl$-~ § tJ:fA: < tA:0

(7)'C', mli

a

LI (t) = aRt + l' (7)
§4 trtlf

c fA:0. ;:;: 'C' a Ii 19T111j{iJ'[( /) ~ I) (6) 50\; (7) -t:5t fA:

llifFCl'lmEJ&I1&(7)f@:f!J{iJ'[)'C'~0. $13~ v;:: Se v;:::}o

\, , -c fm~ ~ ht~~~*5:51\': C~*,'R) 19) c -t- 7'!V 8tJf

(~*9Jl) (7) J:1::®t~~~. ;@J ~ fA: /~ ~ /- - !l (C =
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t C 'C', ~~*5:51\':c ~ < E 5 ;: c tJ:btJ'0. r'i'J~

;££11::(;: ;: 'C'(7) LI (t) v;::X;J(c:;)Ii, §2.2'C'j$.r(t~ l
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~!v ~ 7'~ 1 r if ~ ~ (7)~~i¥J;j:.tfl'C'~ 0 Se

(7)J't~5.&~ r:j:t.c" c L t~Ji:i5:(7)§I5Jm~~~ c ;Elt!§Jflj(7)

iifITJIDtJ'i?if-Bfi'LL J't~11::(/~:/ r~i' 'Y 7";££11::
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0tJ~, J't~5.&c(7)IZ§:5I\':~f*fi~0 t(7)c~*-i?h
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-(7)) ~f*fi, /PJllif-t:'(7)~fm~(7)*5:51\':, m\, < c

tJ:btJ, "C> t~. *:fIib'C'Jf;,l1) J::Vft~ Se tJJ}(7) ~ !v ~
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